The objective of this work was to microencapsulate aspartame by double emulsion followed by complex coacervation, aiming to protect it and control its release. Six treatments were prepared using sunflower oil to prepare the primary emulsion and gelatin and gum Arabic as the wall materials. The microcapsules were evaluated structurally with respect to their sorption isotherms and release into water (36°C and 80°C). The microcapsules were multinucleated, not very water-soluble or hygroscopic and showed reduced rates of equilibrium moisture content and release at both temperatures. FTIR confirmed complexation between the wall materials and the intact nature of aspartame. The results indicated it was possible to encapsulate aspartame with the techniques employed and that these protected the sweetener even at 80°C. The reduced solubility and low release rates indicated the enormous potential of the vehicle developed in controlling the release of the aspartame into the food, thus prolonging its sweetness.
Introduction
Aspartame is a dipeptide composed of L-aspartic acid and the methyl ester of phenylalanine, both amino acids found naturally in foods. It is about 160-220 times sweeter than sucrose and its flavour profile is described as clean and sweet like sucrose, without the bitter or metallic aftertastes normally associated with certain sweeteners such as acesulfame-K, cyclamate and saccharin (Butchko, Stargel, Comer, Mayhel, & Andress, 2001) . It is inadequate for use in applications involving drastic heating for prolonged periods, such as baking, sterilisation and frying, since under such conditions, part of the molecule may undergo hydrolysis leading to a loss of sweet taste (Nabors, 2002; Salminen & Hallikainen, 2001 ).
The main objectives of microencapsulating sweeteners are to increase their fluidity and resistance to high temperatures and prolong the sensation of sweetness by controlling their release (Fávaro-Trindade, Pinho, & Rocha, 2008; Gouin, 2004) . Thus this technology could facilitate the application of aspartame to products in which high processing temperatures are used, and also provide a gradual release of the sweetener when chewing, prolonging perception of the sweet taste of products such as sweets and chewing gum.
A good wall material should present the following characteristics: good emulsifying property and film-forming, low viscosity, low hygroscopicity, good drying properties, stability, absence of flavours and good protection to the core (Ré, 1998; Shahidi & Han, 1993) . Gelatin, a water-soluble protein of high molecular weight and gum Arabic, a long chain polymer of high molecular weight is one of the most common and extensively utilised pairs in complex coacervation (Qv, Zeng, & Jiang, 2011) . Microcapsules produced by complex coacervation are insoluble in water, resistant to high temperatures and show excellent characteristics for controlled release (Dong et al., 2011) . These characteristics are desirable for the encapsulation of sweeteners, although the complex coacervation technique is appropriate for the encapsulation of hydrophobic compounds, which is not the case of aspartame. Mendanha et al. (2009) were successful in encapsulating a casein protein hydrolysate, which is also highly water-soluble, by adding a double-emulsion step at the start of the complex coacervation process.
A single paper was found in the literature whose objective was to study the stability of aspartame encapsulated in high melting point fat during the baking of cakes (Wetzel & Bellt, 1998) . No other papers studying the microencapsulation of sweeteners were found in the literature, although it is a subject that stimulates great interest in industry, since there are numerous patents involving this subject. Thus the present paper could provide an impulse for the divulgation of new research on the technique of microencapsulating sweeteners.
Hence the objective of the present work was to study the microencapsulation of aspartame by double emulsion followed by complex coacervation, structurally evaluate the microcapsules obtained, and also examine their physicochemical properties and rate of release into water.
Material and methods

Materials
The sweetener aspartame (AS) (Ajinomoto do Brasil, Brazil) was used as the core material, and swine gelatin (GE) (Gelita, Brazil) and gum Arabic (GA) (Synth, Brazil) as the wall materials. Sunflower oil (Cargill, Brazil) and soybean lecithin (Caramuru, Brazil) were used to prepare the primary emulsion.
Preparation of the coacervated microcapsules
The methodology used to prepare the microcapsules was an adaptation of that of Mendanha et al. (2009) , who encapsulated a protein hydrolysate by complex coacervation, adding a double emulsion step at the start of the process. Three concentrations of AS solution were prepared based on preliminary tests: 3.75, 5 and 10 g/100 g of total solution, and were then emulsified at 50°C with soybean oil in an Ultraturrax homogenizer (Turratec, Tecnal, Brazil) for 3 min at 18 000 rpm, using soybean lecithin as the emulsifier (5 g/100 g of the total amount of AS). The ratios of sweetener:oil were 1:1, 1:2 and 1:3. The primary emulsion was emulsified in GE, and the GA solution subsequently added plus twice the total volume in distilled water. The pH value was adjusted to 4.0 and the system then cooled to 10°C with constant stirring, and maintained in the refrigerator for 24 h to complete particle precipitation. The concentrations of the wall material were 2.5 and 5 g/100 g of total solution and the ratio of GE:GA maintained at 1:1 for all formulations. The amounts of core material were 50, 75 and 100 g/100 g of the total wall material used.
To increase the stability and facilitate handling, the coacervated microcapsules were freeze-dried. For this process, the excess water was removed and the coacervate frozen in a freezer at a temperature of À18°C for 24 h, followed by freeze-drying in a bench-scale freeze dryer (Terroni LC 1500; São Carlos, Brazil).
Morphological evaluation
The morphology of the microcapsules was studied using an optical microscope (BEL Photonics Ò , Milan, Italy) equipped with a camera, using BEL View v. 62 software, and by scanning electronic microscopy (SEM) using the TM 3000 Tabletop Microscope (Hitachi, Tokyo, Japan) with the TM 3000 program. For SEM the microcapsules were placed on strips of double-faced carbon tape (Ted Pella, Inc., Redding, CA), which were then fixed to aluminium stubs. The images were captured with voltage acceleration of 5 kV and a current of 1750 mA. The moisture contents of the freeze-dried material and of the non-encapsulated AS were determined automatically in moisture analysis equipment (MB45; Ohaus, Nänikon, Switzerland).
Solubility
A 1-g sample of each formulation was added to recipients containing 100 mL of distilled water, and stirred at 110 rpm for 30 min using a bench stirrer (Tecnal, Brazil) , before centrifuging at 4000 rpm for 5 min. Aliquots of each supernatant were then removed with the aid of volumetric pipettes, transferred to previously weighed porcelain dishes, and dried to constant weight in an incubator at 105°C. The dishes were weighed and the solubility calculated from the difference in weight (Cano-Chauca, Stringheta, Ramos, & Cal-Vidal, 2005) .
Hygroscopicity
The analyses were carried out in triplicate, weighing approximately 1 g of each sample into circular plastic containers (diameter 40 mm Â height 10 mm). The microcapsules were placed in hermetic pots containing a saturated sodium sulphate solution (relative humidity of 81%) and weighed again after 7 days. The hermetic pots were kept at 25°C in an incubator with controlled temperature. The hygroscopicity was expressed as grams of water absorbed by 100 g of sample (Cai & Corke, 2000) .
Particle size
The size and size distribution of the solid lipid particles were evaluated using a Sald-201V laser diffraction particle analyser (Shimadzu, Kyoto, Japan). The particles were dispersed in isopropanol (Synth, Brazil) and stabilised for 5 min before the analysis (Fávaro-Trindade, Santana, Monterrey-Quintero, Trindade, & Netto, 2010).
Encapsulation yield
The encapsulation yield (EY) was calculated according to Junxia, Hai-yan, and Jian (2011) as shown in equation 1. To determine the total AS present in the microcapsules, 0.1 g of freeze-dried microcapsules were weighed into a Falcon tube and 5 mL of a NaCl solution (1 g/100 g of solution) added plus 5 mL acetonitrile. The tubes were shaken in a tube shaker, placed in an ultrasonic bath for 5 min, centrifuged for 5 min at 4000 rpm and an aliquot of the supernatant removed for quantification of the AS.
The AS was quantified by external standardisation in a liquid chromatograph (Shimadzu), equipped with a spectrophotometric detector (214 nm), C18 column (250 mm; 4.6 lm) and a mobile phase of acetonitrile:methanol:phosphate buffer (pH 3.5) in proportions of 1:1:8, injecting a sample volume of 10 lL. The standard curve was prepared using concentrations of AS between 4.25 and 21.25 mg per 100 mL.
EY ¼ total AS=AS used in the production ð1Þ
Fourier-transform infrared spectroscopy (FTIR)
The pure ingredients (gelatin, gum Arabic and aspartame) and the microcapsules (six formulations) were characterised by infrared spectroscopy in the region from 4000 to 600 cm À1 , using a Perkin Elmer FT-IR spectrometer (Waltham MA), with the aid of Spectrum One (version 5.3.1.) software.
Evaluation of the sorption isotherms of the powdered microcapsules
The sorption isotherms were determined by a gravimetric method. About 1 g of each sample, previously dried by exposure to P 2 O 5 , was weighed and placed in desiccators for 3 weeks at 25°C, with relative humidities varying from 11% to 84%. The moisture content was calculated from the weight gain, and the experimental equilibrium moisture content obtained from the difference between the amount of water absorbed divided by the mass of the dry sample.
The sorption isotherms were better described by the GAB model (Eq. (2)), compared to BET and Peleg models.
where Meq -equilibrium moisture content (% dwb); a w -water activity; X m -moisture content of the molecular monolayer; C and K -parameters depending on the temperature and nature of the product.
Release of aspartame from the microcapsules into water at 36 and 80°C
The release was analysed according to the methodology of Dong et al. (2011) , with some modifications with respect to the equipment used. Falcon tubes containing suspensions with 5% (mass basis) of capsules were placed in a water bath with orbital shaking at temperatures of 36 (human body temperature) and 80°C (to simulate heat treatment). Aliquots were removed after 0, 20, 40, 60, 80 and 100 min, for quantification of the AS using the same methodology used to determine the encapsulation yield.
Statistical analysis
The experiments were carried out in triplicates. Differences between mean values were determined using analysis of variance (ANOVA), utilising the statistical software SAS version 8.0 (SAS Institute Inc., Cary, NC).
Results and discussion
Preparation of the microcapsules and their morphology
Numerous preliminary trials were carried out, in order to define the concentrations of the ingredients and conditions for the production of the emulsions. Of the different emulsion formulations tested, those prepared with a 10% AS solution were shown to be unstable, since they visibly separated into phases about 1 h after preparation. However the emulsions formed with the other concentrations were stable for 4 h with the three sweetener:oil ratios used. Thus the emulsion with 5% AS and a sweetener:oil ratio of 1:1 was chosen for the production of microcapsules. Six formulations of microcapsules were produced, differing from one another with respect to the concentrations of the GE and GA solutions and the ratio of the core material (emulsion of AS in oil) in relation to the total mass of wall material. The formulations were denominated as follows: A: 2.5% GE & GA and 50% of core material; B: 2.5% GE & GA and 75% of core material; C: 2.5% GE & GA and 100% of core material; D: 5.0% GE & GA and 50% of core material; E: 5.0% GE & GA and 75% of core material; F: 5.0% GE & GA and 100% of core material.
Microcapsules were obtained with all the formulations tested, and as can be seen in Fig. 1A -C, were multinucleated (which confers characteristics of matrix and reservoir), with droplets of AS emulsion distributed at the centre of the microcapsules and not in the wall, which confers excellent controlled release characteristics to the capsules (Dong et al. 2011) , which is one of the main objectives of encapsulating sweeteners. It can also be seen that as the amount of core material increased, so the microcapsules became less spherical, as also observed by Dong et al. (2011) .
The electronic microscope images were similar for all the systems studied. Fig. 1D shows that the microcapsules had continuous walls showing no cracks or apparent porosity, which indicates the freezing and freeze-drying processes were adequate, since they did not damage the particles. Whole continuous walls are important for microcapsules, to assure greater protection and retention of the encapsulated material.
The microcapsules were connected to one another by solid bridges, an effect also observed by Prata, Zanin, Ré, and Grosso (2008) when encapsulating vetiver oil by complex coacervation formulation A (2.5% GE and GA and 50% core material), (b) formulation B (2.5% GE and GA and 75% core material), (c) formulation C (2.5% GE and GA and 100% core material).
using GE and GA as the wall materials. These solid bridges can be attributed to agglomeration of the microcapsules caused by the process of freezing followed by freeze-drying. Table 1 shows the values obtained for the mean size of the microcapsules, moisture content, and the solubility and hygroscopicity of the powders. The mean size of the particles varied from 84 to 102 lm, and although larger than the values observed by Mendanha et al. (2009) and Nori et al. (2011) , are in agreement with other studies published in the literature, which cite variations between 1 and 500 lm for microcapsules produced by complex coacervation (Fávaro-Trindade et al., 2008) . The concentration of the wall materials showed a slight influence on the size of the microcapsules, since the formulations A, B and C showed microcapsules with larger mean diameters than those from formulations D, E and F. Thus, the greater was the concentration of the wall material polymers in the formulation of the microcapsules, so the mean sizes of the microcapsules were slightly smaller. This influence was cited in studies which associated the sizes of the microcapsules with the production parameters, such as: proportion between the wall polymers, concentration of the polymers used, speed of agitation, rate of cooling and type of drying (Menger, Peresypkin, Caran, & Apkarian, 2000; Lamprecht, Schaè-Fer, & Lehr, 2001; Nakagawa, Iwamoto, Nakajima, Shono, & Satob, 2004 , Silva, Fávaro-Trindade, Rocha, & Thomazini, 2012 .
Physicochemical characterisation of the coacervated microcapsules
The moisture contents of the microcapsules were considered low, being within the range expected for freeze-dried products. Low moisture contents are desirable to guarantee the prevention of agglomeration, which reduces retention of the active principal and makes dispersion of the microcapsules difficult during the application in a food (Silva et al., 2012) . In addition, low moisture contents reduce plasticiser action of water, which would reduce the glass transition temperature (Ferrari, Germer, Alvim, Vissotto, & Aguirre, 2012) .
A comparison of the values for solubility obtained for the nonencapsulated AS with those of the microcapsules showed a reduction in this parameter of up to 10-fold. Low values for solubility are characteristic of microcapsules produced by complex coacervation and desirable in the encapsulation of sweeteners, since reduced solubility should contribute to retarding their release, providing a more gradual release and possibly prolonging the sensation of sweetness during chewing of the food containing the microcapsules.
The values obtained for hygroscopicity were in the range between 10.73 and 13.43 g water absorbed/100 g sample for the six formulations of microcapsules studied, with no significant differences between them. These values were considered to be low, making packaging and handling of the material easier. The values obtained in the present work were lower (by up to three times) than those obtained by Nori et al. (2011) for propolis microcapsules obtained by complex coacervation, using soy protein isolate and low methoxyl pectin as the wall materials, and where the variation in concentration of the materials used also caused no significant variations in this parameter. A comparison of these results could infer that the use of gelatine and gum Arabic as wall materials results in less hygroscopic materials.
The values obtained for EY varied between 45.2 and 71.7 (Table  1) and were a little lower than those observed by Jun-xia et al. (2011) , when encapsulating orange oil using the complex coacervation technique with soy protein and gum Arabic as the wall materials. It can be seen that the values were significantly higher for the formulations produced with a 5% concentration of the wall material (D, E and F). An increase in concentration of the GE and GA solutions possibly produced more resistant walls, leading to greater EY values.
Fourier transformed infrared spectroscopy (FTIR)
Since the spectra obtained for all the formulations were similar, only the spectra obtained for the non-encapsulated AS and for the AS encapsulated with formulation (A) are presented in Fig. 2 .
Gum Arabic is a polysaccharide with free carboxyl groups, conferring a negative charge on the molecule. In the spectra obtained for the encapsulated samples, the large peak formed at about 2900 cm À1 was attributed to the presence of carboxyl groups from the gum Arabic, indicating that not all the carboxyl groups were involved in the coacervation process. Nevertheless, peaks characteristic of amides can be visualised at about 1500-1640 cm À1 , confirming the formation of a coacervate, since during the complex coacervation process, the carboxyl groups of the polysaccharides interact with the amine groups of proteins forming a complex that contains amides.
An observation of the spectra of the non-encapsulated and encapsulated AS shows that peaks characteristic of the AS molecule, such as, for example, the moderately intense peak between 1700 and 1800 cm À1 , coming from the ester present in the composition of the AS, were maintained in the composition of the AS, indicating that the coacervation process did not degrade the AS.
Water sorption isotherms
The GAB, BET and Peleg mathematical models were evaluated for the fit of the data obtained, and the GAB model fitted them better. Table 2 shows that the GAB model was adequate to fit the experimental data, due to the elevated values obtained for r
2 . An evaluation of the parameters fitted showed little variation between No papers were found in the literature reporting on studies of the sorption isotherms of microcapsules produced by complex coacervation, which made it difficult to compare the results, which were obtained using spray dried powders. The parameter X m (moisture content of the monolayer) corresponds to the amount of water strongly adsorbed to specific sites on the surface of the material, and is considered a critical value, above which the rates of the degradation reactions increase and the stability of the material is reduced. Low monolayer moisture contents were obtained, since the X m varied from 6% to 11%. These values are similar to those obtained by Pérez-Alonso, Beristain, Lobato-Calleros, Rodriguez-Huezo, and Vernon-Carter (2006), who also obtained low monolayer moisture contents for pure gum Arabic (8.11-11.0%) at temperatures of 25, 35 and 40°C.
With respect to the parameter K, which represents the correction factor for the properties of the multilayer molecules in relation to the product volume, low values were observed of between 0.6 and 0.8, within the values suggested by Lewicki (1997) of 0.24 < K < 1. Values for K below 1.0 are characteristic of food products. Regarding the sorption constant C, which is due to interactions between the active sites of the product and the water molecules, it was observed that all the formulations showed values less than 200, being within the range commonly found in the literature (Alexandre, Figueirêdo, & Queiroz, 2007) . Fig. 3 shows the sorption isotherms for the AS microcapsules, showing an increase in equilibrium moisture content with increasing water activity. No studies were found in the literature concerning the isotherms of microcapsules produced by complex coacervation. However, the same behaviour was reported by Comunian et al. (2011), Catelam, Fávaro-Trindade, and Romero (2011) and Tonon, Brabet, Pallet, Brat, and Hubinger (2009) , who constructed isotherms for chlorofilida, passion fruit and açai puree powders, all obtained by spray drying with maltodextrin as the wall material. Nevertheless the results obtained for moisture equilibrium in the present study were much lower than those reported by Comunian et al. (2011 ), Catelam et al. (2011 and Tonon et al. (2009) , for all the water activity values, conferring greater stability, and ease of handling, storage and application, corroborating the previously discussed results obtained for hygroscopicity. 3.5. Release of aspartame from the microcapsules into water at 36 and 80°C Fig. 4 shows the profile of the release of AS from the microcapsules into water at 36 and 80°C for systems A, B and C, which all had the same concentration of wall material (2.5%), but differed with respect to the amount of core material.
The release profiles showed two phases, with the rate of release falling very quickly in the first phase, and then more slowly in the second phase. This behaviour was also observed by Dong et al. (2011) , who analysed the profile of the release of mint oil from microcapsules into hot water.
For both temperatures it can be seen that the smaller the amount of core material, the greater the rate of release. This could be attributed to the particle size, since according to the results for particle size, the smaller the amount of core material, the greater the mean diameter, leading to a greater surface contact with the water, making diffusion of the core material easier and thus increasing the rate of release.
Analysing the two temperatures tested, it can be seen that an increase in temperature did not lead to an increase in the rate of release, showing that the microcapsules were relatively resistant to high temperatures (80°C). This behaviour was expected for microcapsules produced by complex coacervation, and is important for their application in products where high processing temperatures are used, as for example chewing gum where sweeteners are usually used.
Conclusions
Considering the proposed objectives and the results obtained, it can be concluded that the six formulations studied formed microcapsules with characteristics similar to those formed by complex coacervation, such as reduced solubility and heat resistance, indicating that the addition of a double emulsion to the process made it feasible to microencapsulate aspartame by this technique. In addition, the powder obtained was only slightly hygroscopic, making its application easier.
All microcapsules studied in this research showed the potential for application in food, especially the formulations D, E and F, which showed higher values of EY. Further studies should be carried out in order to evaluate the functionality of microcapsules in food products. Fig. 3 . Sorption isotherms of the microencapsulated aspartame samples fitted to the GAB mathematical model A = 2.5% GE & GA and 50% of core material; B = 2.5% GE & GA and 75% core material; C = 2.5% GE & GA and 100% of core material; D = 5.0% GE & GA and 50% of core material; E = 5.0% GE & GA 5,0% and 75% of core material; F = 5.0% GE & GA and 100% of core material. Fig. 4 . Rate of release of aspartame from microcapsules with different amounts of core material (A = 50%, B = 75% and C = 199%) into water at 36°C (a) and 80°C (b).
